It is known that DNA forms compounds with a variety of divalent metal ions, which are located between the bases of a base pair, and that the net charge transfer from the metal ions to DNA occurs only in the Fe-DNA case. However, the electronic states of the metal ions have not been well established, so far. The findings of this study suggest that the water molecules within the DNA double helix play an important role for the exchange coupling between the neighboring Mn ions and that the electronic states of the Mn ions in Mn-DNA are highly ionic on the basis of the Mn hyperfine splitting parameters in solution ESR spectra. The present result should be highly helpful in further investigation of engineering DNA so that it can be used for nanowires.
Introduction
The physical properties of natural DNA have attracted wide interest in recent years because of scientific curiosity and potential applications to self-assembled nanostructures, such as nanowires for nanoelectronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The controversial results for the electronic properties have indicated that the DNA is insulating, 7 semiconducting, 3, 5, 8, 10 metallic, 1, 6, 9, 11 and superconducting induced by the proximity effect. 6 Such diversity is likely to result from uncontrolled experimental conditions, such as the presence of salt residues, electron bombardment by an electron microscope, and effective doping. 12 The present consensus is that natural DNA is semiconducting with a large energy gap of more than 4 eV. 13 Some efforts on introducing charge carriers into the base π-band have been reported. One such study involved the insertion of a divalent metal ion between the bases of each complementary base pair of the double helix, adenine-thymine or guanine-cytosine, by replacing hydrogen bonds and two Na + ions. The structure of DNA incorporated with metal ions has been proposed on the basis of the disappearance of proton NMR signals for the hydrogen bonds in the base pairs, as shown in Fig. 1 . 14 The resulting DNA structure is called M-DNA, where M is the metal ion. 8, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Rakitin et al. reported that Zn-DNA has ohmic I-V characteristics, which is in sharp contrast to natural DNA. 16 However, it has been confirmed that M-DNA with M = Zn, Ca, Mg, or Mn does not carry the paramagnetism accompanying charge carrier injection, 14 It is expected that the magnetic interaction between the Mn ions will be one dimensional.
suggesting no charge injection to DNA. 8, 13, 18 This fact means that a simple ion exchange by the divalent metal ion for the two sodium ions in Na-DNA has occurred, keeping the elec- Mn-DNA is a prototypical system for studying the electronic states of metal ions in M-DNA; it has the spin S = 5/2, making it a good magnetic probe. 8, 18, 19, 21 Several items of experimental evidence, obtained from SQUID magnetization, ESR integrated intensity, and elemental analysis are consistent with the proposed structural model shown in Fig. 1 . It has been reported that the ESR spectrum of the B-form Mn-DNA has the line shape characteristic of quasi-one-dimensional (Q1D) spin correlation, but it changes markedly to that for threedimensional (3D) spin correlation in the A-form isomer, which is stable under dry, waterdeficient condition. 18, 19, 21 This behavior is driven by the isomeric structural change of DNA as a function of environmental humidity, and is also evidence for the proposed structure in Fig.   1 . Note that, in the A-form Mn-DNA, some long-range magnetic ordering should result from the 3D magnetic interaction, as confirmed by the low-temperature heat capacity peak below 0.4 K. 18 In contrast, the B-form Mn-DNA shows no indication of the magnetic interaction, as demonstrated by the temperature-independent ESR linewidth down to 2 K. 18 In this study, we perform the ESR analysis of Mn-DNA to unveil the nature of the electronic states of metal ions in the M-DNA complexes. This information will be useful for further theoretical and experimental investigations of M-DNA. X-ray fluorescence analysis indicated that the ratio of phosphorus to metal is approximately 2:1 as expected for the proposed structure in Fig. 1 . The divalent metal ion is located at the center of a base pair in place of the protons and compensates the charges of the two phosphoric anions in the two DNA backbones of a double helix, in place of two Na cations.
ESR spectra are taken mainly at X-band. The half width at half maximum of the absorption spectrum is used as the linewidth of ESR spectra. All the samples studied in this report are of polycrystalline form. (1) the top three spectra labelled as "A-form", (2) the middle spectra labelled as "B-form", and (3) the bottom three spectra labelled as "Solution".
As has been discussed in ref. 18 , the line shape between Gaussian and Lorentzian, which is characteristic of one-dimensional (1D) exchange narrowing 26 for the B-form film under a humid condition, clearly transforms into the Lorentzian line shape in the dry A-form film upon removing water molecules, which corresponds to the change from (2) That is, the observation of the HFS spectra in Fig. 2 implies the absence of both the exchange and dipolar interactions with the neighbors; the former erases the HFS from the spectra and the latter broadens the spectra. Since the Mn-DNA rapidly tumbles in solution, the anisotropic magnetic dipolar interaction with the surrounding Mn ions should be completely removed by motional narrowing. 27, 28 However, it is difficult to understand why 5/12 the isotropic exchange interaction, which averages the HFS peaks out, is absent in the solution, because the local correlation between the neighboring Mn ions should be maintained even in the solution. This findings suggests that a certain mechanism suppresses the exchange interaction with the neighbors at a fixed distance within Mn-DNA even in the solution.
In the A-form of Mn-DNA, Lorentzian-like spectra were obtained, as demonstrated in Figs. 2 and 3 . 18 As easily expected, it is impossible to reproduce a single Lorentzian spectrum as the simple sum of six HFS Lorentzians, as demonstrated by the broken curve in Fig. 3 .
This finding indicates that in the film state of the A-form Mn-DNA, the exchange interaction between the neighboring Mn ions actually averages the hyperfine splittings out, as usually expected in solids. Thus, very interestingly, the exchange interaction, which is active in the solid film of Mn-DNA, disappears in the solution, even when the local correlation in distance between the Mn ions is kept. Therefore, the issue to be solved is the mechanism for the disappearance of the exchange interaction in the Mn-DNA solution.
Here, it should be noted that the water molecules generally play an important role in DNA. In this context, there is a critical difference between the Mn-DNA solution and the film. The number of water molecules in the A-form DNA is as low as ≈4, and the water molecules are spatially fixed and immobile in the major groove of DNA. In contrast, the Bform DNA in solution contains many water molecules, that is, at 93% relative humidity there are ≈26 water molecules per base pair, 22 and the water molecules move freely in and out of the DNA. Thus, one possible mechanism for understanding the disappearance of the exchange interaction in the Mn-DNA solution is the dynamical role of the water molecules mediating the exchange coupling between the neighboring Mn ions. If the water molecules are immobile, the static exchange interaction becomes active, as in the film of Mn-DNA. However, if the water molecules can move around as in the solutions, the exchange coupling between the neighboring Mn ions is rapidly interrupted by the motion. Thus, the effective magnitude of the exchange coupling decreases with increasing interruption duration and becomes much less than that of the hyperfine interaction in the solutions. Although the detailed mechanism for the exchange coupling between the neighboring Mn ions is currently an open question, the disappearance of the effective exchange interaction in the Mn-DNA solution can be interpreted. 18 In relation to the exchange interaction mediated by the water molecules, it has been reported on the basis of measurements with a SQUID magnetometer that the Curie-Weiss temperature of Mn-DNA films, which is proportional to the exchange coupling constant, changes from -1 K in the B-form to -2 K in the A-form. 18 Here, note that the change in Curie-Weiss temperature from -1 to -2 K, which corresponds to a magnetic field strength of more than 1 T, is much larger than the HFS of < 0.1 T. Under this condition, the HFS spectra of the Mn-DNA films in both the A-and B-forms should be completely averaged out by the exchange interaction between Mn ions. Also note that the average distance between 6/12 the neighboring Mn ions in the A-form is similar to that in the B-form. 29 Thus, the more than ten water molecules for each base pair in the B-form film make the effective exchange interaction small compared with that in the A-form. This observation is consistent with the Curie-Weiss temperature in the B-form Mn-DNA being smaller than that in the A-form Mn-DNA. These considerations for the exchange interaction in Mn-DNA suggest that the water molecules mediate the exchange interaction among the neighboring Mn ions, although the magnetic mechanism is an open question.
Analysis of hyperfine interaction
The hyperfine interaction between the electrons and the nucleus of a Mn ion in the unit of mT is expressed as 27, 28, 30 
where I is the nuclear spin, S is the electron spin, and A is the hyperfine coupling tensor, which is the sum of the isotropic part A 0 and the traceless anisotropic part A ani . In the Mn-DNA solution, DNA double helices rapidly tumble, which averages the anisotropic part A ani out at zero, giving rise to A ≈ A 0 . Neglecting the low nuclear Zeeman energy, the electron spin Hamiltonian for the Mn-DNA solution,
gives the Zeeman energy for each nuclear spin multiplet m I . The resonance condition of the HFS spectra with the Zeeman energy splittings ∆E(m I ) is given by 28, 30 ∆E(m I )
The second term (∝ m I ) predicts equally spaced 2I + 1 = 6 peaks for I = 5/2, which correspond to each m I value. The third term (∝ m 2 I ) provides a linear deviation from the equally spaced peak separation on m I as a higher order effect of the hyperfine interaction.
The parameters deduced from the simulation with eq. (3) (1) The isotropic hyperfine coupling constant A 0 = 9.62 mT in the (Ca 1−x Mn x )-DNA systems is larger than both 9.11 mT in Ca(Mn)Cl 2 and 8.74 mT in Mg(Mn)O.
(2) The experimentally observed deviations (expt. in Table I ) from the equal separation of HFS for the (Ca 1−x Mn x )-DNA solutions are well reproduced by the coefficient A 2 0 /B 0 in eq. (3) calculated with the experimental parameters A 0 and B 0 (calc. in Table I ), suggesting that eq. (3) is a suitable expression for modeling the solution spectra. chalcogenides. 31 The bonding nature of Mn 2+ in CaF 2 is highly ionic, but is highly covalent in conclude that the bonding of the Mn ion in DNA is purely ionic. 
Conclusions
The Mn 2+ ESR study of the HFS in (Ca 1−x Mn x )-DNA systems has indicated the mechanism of the exchange interaction between Mn ions and the nature of the bonding state of the Mn 2+ ions with the surrounding bases of DNA. As regards the mechanism, it is concluded that the exchange interaction between the Mn ions is mediated by water molecules, but further details remain to be obtained. As regards the bonding nature, the isotropic hyperfine coupling constant is a useful parameter, which can be deduced from the separation between the HFS peaks that correspond to the nuclear spin quantum number m I =±1/2. The isotropic hyperfine constant reflects the ratio of the covalent nature to the ionic nature. The observed hyperfine constant of 9.6 mT for the (Ca 1−x Mn x )-DNA systems is significantly larger than It has been determined that the Mn 2+ ions in the present (Ca 1−x Mn x )-DNA systems compensate the negative charges of two PO − 4 ions in the DNA backbones, in place of two Na + ions. Thus, the simple exchange of two Na + ions with one Mn 2+ ion should induce only a limited change of the electronic states of DNA. 8, 18, 19, 21 A system in which the charges are known to transfer from the metal ions to DNA bases is Fe-DNA. 18, 19, 21 Such a system is expected to be studied systematically, along with another recently developed and very interesting system, that is, the M-DNA system with strongly correlated electrons reported by Omerzu et al. 23 On the basis of the present conclusions, more realistic theoretical and experimental studies will be possible in the future, which will unveil the future possibility of DNA and charge-imported DNAs in nanoelectronics.
